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1. Introduction

A focus of this study is general circulation of the middle
atmosphere, consisting of the stratosphere, mesosphere, and
lower thermosphere, and hierarchical structure embedded in it,
which spans over a wide horizontal spectral range (tens of meters
to tens of thousands of kilometers). Dynamics of the general
circulation of the middle atmosphere is one of the key factors
causing intraseasonal and interannual variabilities of the climate
system, including that near the surface of the Earth. Thus, better
understanding of this dynamics is essential for long-range
prediction of weather and climate, although it is not yet fully
reached.

The present study aims to physically elucidate the hierarchical
structure of the atmosphere at various scales and the coupling
between the Northern and Southern Hemispheres of the
atmosphere by combining continuous observation data with
high-accuracy and high-resolution from the Japan-led
international joint observation, which includes those from the
PANSY radar (Sato et al. 2014 [1]), the largest atmospheric radar
in the Antarctic, and simulations using a high-resolution whole
neutral atmosphere model.

2. Model and Experiments

The Japanese Atmospheric General circulation model for
Upper Atmosphere Research (JAGUAR) was developed as a
hybrid of two atmospheric general circulation models (GCMs),
the MIROC-AGCM and the Kyushu-GCM, which have been
independently developed in Japan (Watanabe and Miyahara
2009 [2]). In contrast to GCMs used for weather and climate
studies, its model top is set at a very high altitude, which is about
150 km. Physical processes that are important in the mesosphere
and lower thermosphere are parameterized, including infrared
radiation processes in non-local thermodynamic equilibrium,
molecular conductivity, molecular diffusion, chemical heating,

and ion drag. Another important aspect of the model is quite high

vertical resolution so as to represent the vertical propagation of
gravity waves accurately.

In this study, we used the JAGUAR-Data Assimilation System
(JAGUAR-DAS) that was originally developed (Koshin et al.
2020 [3], 2022 [4]) and implemented in the DA system of
JAMSTEC, which has been ported to the Earth Simulator, to
generate medium-resolution atmospheric reanalysis data
including three-dimensional winds, temperature, geopotential,
etc., on the model grid with a horizontal resolution of ~300 km
and a vertical resolution of 1 km. JAGUAR-DAS assimilates
conventional observation data from ground-based instruments,
balloons, and aircrafts, as well as satellite observation data in the
stratosphere, mesosphere, and lower thermosphere. We use this
reanalysis data for initial values for the high-resolution version of
JAGUAR with a horizontal resolution of ~20 km and a vertical
resolution of 300 m. In the initialization process, only large
horizontal-scale (>2000 km) structure in the reanalysis data was
used for spectral nudging in order to mitigate the impact of
initialization on small-scale gravity waves. No gravity wave
parameterization schemes are used in this model because most
gravity waves including those propagating from the troposphere
to the middle atmosphere are explicitly resolved in this model.
For initialization of the troposphere, where the effects of fine-
scale topography on the atmosphere may be more important, a
high-resolution reanalysis dataset ERAS was also used.
Regarding the boundary conditions, daily OISST data with a
horizontal resolution of 0.25° was used for the sea surface
temperature and sea ice concentration. Other conditions such as
greenhouse gases are given by annual observation data.
Employing the methodology described above, we performed
hindcast simulations over the boreal winters, namely December—
January—February, from 2015/16 to 2020/21. These simulations
contain the periods of the international joint observation and
modeling campaign called Interhemispheric Coupling Study by
Observations and Modeling (ICSOM) (Sato et al. 2023 [5]).
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Figure 1 Gravity waves around the Canadian sub-vortex at
00:00UT on 11 February 2018. Isosurfaces which enclose large
horizontal wind divergence weighted by an exponential of height

are shown with colors depending on the background zonal winds
(Watanabe et al. 2022 [8]).

Using outputs from the hindcast simulations with the high-
resolution JAGUAR, we have particularly examined the
behaviors and dynamical roles of gravity waves in the middle
atmosphere (Okui et al. 2021 [6], 2022 [7]). This year, we
visualized three-dimensional phase structure and ray paths of
gravity waves simulated in the high-resolution JAGUAR from
the surface to an altitude of ~100 km, shown in Figure 1
(Watanabe et al. 2022 [8]). We also conducted a comparison
study on gravity waves in the JAGUAR with satellite
observations to validate the model simulation (Okui et al.
submitted [9]). The results are described below.

3. Comparison with Satellite Observations

To examine the reproducibility of gravity waves in the high-
resolution JAGUAR, we compared the characteristics of model-
simulated gravity waves with satellite observations. We used the
Atmospheric Infrared Sounder (AIRS), which is a nadir-
sounding multi-spectral imager on board NASA’s Aqua satellite.
The temperature retrieval for AIRS has a quite high horizontal
resolution of 13.5-41 km but a relatively low vertical resolution
of 7-20 km in the stratosphere and lower mesosphere. Before the
comparison with AIRS observations, a vertical low-pass filter,
which is analogous to the AIRS observational filter, was applied
to the model data. To separate gravity wave fluctuations from the
background fields, temperature data was detrended using a
fourth-order cross-track polynomial filter. The three-dimensional
Stockwell transform was applied to these detrended perturbations
to estimate amplitudes and wavelengths of dominant gravity
waves. The comparison was conducted for 15-20 December
2018, when the winter polar vortex was as strong as its
climatology, at an altitude of 39 km, which lies in the center of
the usable height range of AIRS temperature retrieval.

- Earth Simulator Proposed Research Project -
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Figure 2 Vertical flux of zonal momentum associated with
gravity waves at an altitude of 39 km during 15-22 December
2018 from (a) AIRS and (b) JAGUAR. The right panels show
the latitudinal profile of the zonal mean values.

Horizontal maps of the vertical flux of zonal momentum
associated with dominant waves for AIRS and JAGUAR are
shown in Figs. 2a and 2b, respectively. The results from AIRS
and JAGUAR basically accord well. In particular, strong
negative momentum flux observed over Europe and Central and
Eastern Eurasia are quantitatively consistent. Closer inspection
shows that there is weakly positive momentum flux in the low-
latitude region of the Southem Hemisphere, which is also
observed in both results. This remarkably good agreement with
AIRS observations supports the reliability of the high-resolution
JAGUAR regarding behaviors of gravity waves in the middle
atmosphere.

4. Concluding Remarks

‘We performed hindcast simulations for the boreal winters from
2014/15 to 2020/21 utilizing a gravity-wave-permitting high-top
GCM, JAGUAR. Using the output data, three-dimensional
morphology of gravity waves was clearly visualized. A
comparison of gravity waves in the model with high-horizontal
resolution satellite observations was also made. It was shown that
JAGUAR provides a realistic picture regarding the behaviors of
gravity waves in the middle atmosphere. Next year,
climatological and quantitative studies on the roles of gravity
waves and their interplay with larger-scale waves in the middle
atmosphere will be conducted, which is a unique outcome from
long-term high-resolution hindcasts.
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